Aberrant signalling of receptor tyrosine kinases (RTKs), such as c-Met, the receptor for hepatocyte growth factor (HGF), has been implicated in the oncogenesis of various tumours including non-small cell lung carcinoma (NSCLC). Through its promigratory properties, c-Met has been implicated specifically in the process of tumour metastasis demanding a better understanding of the underlying signalling pathways.
Summary
Aberrant signalling of receptor tyrosine kinases (RTKs), such as c-Met, the receptor for hepatocyte growth factor (HGF), has been implicated in the oncogenesis of various tumours including non-small cell lung carcinoma (NSCLC). Through its promigratory properties, c-Met has been implicated specifically in the process of tumour metastasis demanding a better understanding of the underlying signalling pathways.
Various players downstream of c-Met have been well characterised, including the extracellular-signal-regulated kinases (ERKs) 1/2. In a small interfering (si) RNA based high throughput wound healing screen performed in A549 lung carcinoma cells, we identified ERK2 but not ERK1 as a strong mediator of HGF-induced motility. This finding was confirmed in several NSCLC cell lines as well as HeLa cells. One known substrate for ERK kinases in cell migration, the focal adhesion protein paxillin, was also one of the hits identified in the screen. We demonstrate that HGF stimulation results in a time dependent phosphorylation of paxillin on serine 126, a process which can be blocked by inhibition of the ERK1/2 upstream kinase Mitogen-Activated Protein Kinase/ERK Kinase 1 (MEK1) or inhibition of glycogen synthase kinase (GSK) 3. Further we show that paxillin turnover at focal adhesions is increased upon HGF-stimulation, an effect that is dependent on serines 126 (GSK3 site) and 130 (ERK site) within paxillin. In line with the isoform specific requirement
Introduction
Cell migration is a fundamental process important for normal tissue homeostasis and is triggered by various environmental stimuli and their downstream signalling pathways, ultimately resulting in the rearrangement of the cytoskeleton, reorganisation of the microtubule organising centre, extension of membrane protrusions, adhesion to the substratum and generation of forces that physically move a cell (reviewed in (Vicente-Manzanares et al., 2005) ). Aberrations in components of these signal transduction pathways can lead to tumour dissemination and invasion to surrounding tissues (reviewed in (Friedl and Wolf, 2003) ), playing a major role in cancer development and progression.
Hepatocyte Growth Factor (HGF) can trigger cell migration through binding and activation of its only known receptor, c-Met, a receptor tyrosine kinase. The activated receptor serves as a docking site for various adaptor and signalling proteins, leading to the disassembly of adherens junctions, increased cell motility, survival and branching morphogenesis (Potempa and Ridley, 1998; Bowers et al., 2000; Zhang et al., 2002; Kermorgant and Parker, 2008) . A role of c-Met has been observed in many human malignancies, including gastric and oesophageal carcinoma, medulloblastoma and Non Small Cell Lung Cancer (NSCLC) (Tong et al., 2004; Gao and Vande Woude, 2005; Miller et al., 2006) . Importantly, HGF/c-Met are believed to play a major role in the progression to tumour metastasis (reviewed in (Peruzzi and Bottaro, 2006; Sattler and Salgia, 2007) ) so that a detailed understanding of processes underlying c-Met-dependent cancer cell migration is important for providing opportunities for the development of new treatments for these diseases. Several downstream pathways of c-Met have been well characterised (reviewed in (Trusolino et al., 2010) ); thus the importance of the ERK1/2 pathway in HGF-mediated cellular motility has been demonstrated in various cellular models. (Tanimura et al., 1998; Zeigler et al., 1999; Karihaloo et al., 2001; Tanimura et al., 2002; Kermorgant et al., 2004; Menakongka and Suthiphongchai, 2010) .
As c-Met overexpression, mutation or increased activation has been observed in NSCLC (reviewed in (Sattler et al., 2011) ), we used the lung carcinoma cell line A549 to perform an siRNA-based wound healing screen in order to study the signalling pathways important for c-Met mediated migration and identified ERK2 but not ERK1 as one of the strongest hits. So far, the specific contribution of ERK1 and Journal of Cell Science Accepted manuscript ERK2 has not been studied with respect to the HGF-signalling cascade. Here we show that HGF-induced motility is specifically mediated by ERK2 in several cell lines, and this finding correlated with the observation that ERK2 but not ERK1 was required for the HGF-induced phosphorylation of the focal adhesion scaffold protein paxillin on serine 126, a site which has been described to be phosphorylated by glycogen synthase kinase (GSK) 3 upon priming of the adjacent serine 130 by ERKs (Cai et al., 2006) . The important role of this phosphorylation in HGF-mediated migration was demonstrated by the finding that the siRNA-mediated depletion of endogenous paxillin results in a decrease in HGF-mediated migration, an effect which can be rescued by wild type paxillin but not a mutant in which serine 126 and the adjacent serine 130 are mutated to alanine. In line with the motility data, we can show that HGF stimulation results in an increased disassembly of paxillin-containing focal adhesions, an effect which can be inhibited by knockdown of ERK2 but not ERK1.
Thus we propose that paxillin is an important mediator downstream of ERK2 in HGFinduced motility.
Results

Identification of ERK2 in an siRNA based wound healing screen
We set up an siRNA-based high throughput wound healing assay using the A549 lung carcinoma cell model. Altogether, 1115 siRNA pools targeting the human kinome, a set of motor proteins as well as genes implicated in motility were transfected and a non-targeting control (NTC) siRNA and an siRNA against c-Met served as negative and positive controls respectively. An siRNA targeting the tyrosine kinase receptor Macrophage-stimulating protein receptor (MST1R), a c-Met paralog (Ronsin et al., 1993; Gaudino et al., 1994) , was included as an additional control. A detailed schematic overview of how the Primary screen was carried out is depicted in Fig. S1 .
Cells transfected with non-targeting siRNA displayed roughly a two-fold increase in motility speed upon HGF treatment, an effect which was almost completely abrogated upon transfection of the c-Met siRNA. In contrast, knockdown of the related receptor MST1R had a significant effect both on the basal and HGF-induced motility speed, retaining a two-fold increase between the two wound healing speeds (Fig. 1A) . To have a read out for the effect of the transfected siRNAs on the HGF-response, an HGF-induction score was calculated as exemplified in Fig. S2 . The normalised Journal of Cell Science Accepted manuscript induction scores obtained for the negative and positive controls used are depicted in Data obtained for all siRNAs is provided in Table S1 . MET kinase itself (black circle) and ERK2 (black triangle), which were both part of the library targeting the human kinome, came up among the top 20 hits, serving as a proof of principle that the screen was able to identify players involved in HGF-mediated signalling. These results could be confirmed in further experiments, where for both siRNA pools a good knockdown was observed by Western blot (Fig. 1D) . In wound healing experiments, ERK2 but not MET depletion resulted in a strong decrease of the basal wound healing speed (Fig. 1E ). As expected, MET knockdown resulted in an almost completely abrogated HGF-induced migration, while ERK2 depletion reduced the HGF-induced migration by more than 50% (Fig. 1F) .
Confirmation of the migratory phenotype in ERK2 depleted cells
In the primary screen, we used a wound healing assay to find players involved in HGF-induced cell migration. Not surprisingly given its role in the regulation of cell proliferation, we observed a strong effect of ERK2 depletion on cell viability ( Fig.   2A ). To confirm that the results obtained using the wound healing assays were not merely a consequence of reduced cell proliferation, we carried out live cell imaging followed by cell tracking to monitor single cell motility speed after siRNA knockdown. In Fig. 2B representative cell tracks in wounds of cells transfected with non-targeting control siRNA (NTC), MET siRNA or ERK2 siRNA are depicted. In NTC-transfected cells, HGF incubation lead to approximately a two-fold increase in the single cell motility speed, an effect which was almost completely abrogated by MET knockdown and also strongly inhibited (75%) by knockdown of ERK2 ( Figure   2C ). Similar results were achieved using Transwell assays as a distinct migratory model (Fig. 2D) , thus confirming the migratory phenotype observed in the wound healing assays.
Journal of Cell Science Accepted manuscript
Knockdown of ERK2 but not ERK1 has an effect on HGF-induced motility
While ERK2 was one of the strongest hits identified in this screen, intriguingly ERK1, the second ERK isoform, was not identified as a hit. To assess the validity of this finding, we compared the effect of ERK2 and ERK1 knockdown side by side.
Silencing of both ERK2 and ERK1 resulted in an efficient knockdown as evidenced by Western blot analysis (Fig. 3A) and depletion of both ERK isoforms had a very similar effect on cell viability (Fig. 3B) . Both ERK1 and ERK2 depletion resulted in a significantly reduced basal motility with a consistently greater effect of ERK1 knockdown (Fig. 3C, light grey bars) . However by contrast, ERK2 knockdown alone strongly impaired the HGF-response, while ERK1 silencing did not, with HGF still able to induce a strong increase in wound healing speed (Fig. 3C, right panel) .
Interestingly, the MEK1 inhibitor U0126 gave similar results as the single knock down of ERK2 (Fig. 3D) . The specific role of ERK2 in HGF-mediated motility was not restricted to A549 cells, since also in CALU-1 and SKMES-1 lung carcinoma cell lines as well as in HeLa cells, HGF-induced cell motility was affected by knockdown of ERK2 but not ERK1 (Fig. 3E) .
Paxillin is required for HGF-mediated migration
Various substrates of the ERK kinases have been reported to play a role in cellular migration, including the focal adhesion protein paxillin, which has been shown previously to be important for HGF-induced migration (Liu et al., 2002; Ishibe et al., 2003; Ishibe et al., 2004) . Interestingly, paxillin was another strong hit in the wound healing screen we performed and indeed this data could be confirmed in cell tracking experiments both in A549 and in HeLa cells ( Figure 4A ). Knockdown of paxillin did not affect HGF-induced MET or ERK phosphorylation in A549 cells (Fig. 4B ) or HeLa cells (data not shown). To further investigate the role of paxillin in HGFmediated motility, we monitored paxillin turnover in HeLa cells by total internal reflection fluorescence (TIRF) microscopy. When analysing focal adhesions containing GFP-tagged paxillin over time as described in (Berginski et al., 2011) , we saw an increase of focal adhesion disassembly rates upon HGF stimulation (Fig. 4C ).
Paxillin turnover has been shown to be regulated by phosphorylation ( (Webb et al., 2004; Berginski et al., 2011) ) and indeed, HGF stimulation resulted in an increase in the phosphorylation of serine 126 in paxillin, an effect which was maximal after about 2 hours of HGF stimulation (Fig. 4D) . Serine 126 has been described to be Journal of Cell Science Accepted manuscript phosphorylated by glycogen synthase kinase (GSK) 3 upon priming of the adjacent serine 130 by ERK (Cai et al., 2006) . Consistent with this, HGF-mediated phosphorylation of serine 126 was abrogated both by incubation with the MEK1 inhibitor U0126 or the GSK3 inhibitor IX (Fig. 4E) . To further investigate the role of these two phosphorylation sites in HGF-mediated migration, we constructed GFPtagged paxillin where both serine 126 and serine 130 were mutated to alanine (GFPPaxAA). These constructs were transfected into HeLa cells and adhesion turnover was monitored by TIRF microscopy. As seen before, HGF resulted in an increase of the disassembly rate of focal adhesions, an effect which was strongly inhibited in focal adhesions containing the paxillin mutant (Fig. 4F) . Furthermore, in HeLa cells, siRNA mediated knockdown of endogenous paxillin by a single oligo resulted in a significantly reduced HGF-mediated migration as monitored by live cell imaging, an effect which could be rescued by overexpression of GFP-tagged wildtype (wt) paxillin but not the mutant GFP-PaxAA (Fig. 4G ).
ERK2 knockdown results in diminished HGF-induced paxillin phosphorylation and turnover
Given the important role of paxillin phosphorylation in HGF-mediated migration, we next monitored phosphorylation of paxillin upon knockdown of either ERK1 or ERK2. Interestingly, in cells transfected with siRNA against ERK1, HGF was still able to cause an increase in paxillin phosphorylation, however, this effect was strongly inhibited when ERK2 was depleted by siRNA (Fig. 5A) . Experiments using the deconvoluted ERK2 siRNA pool corroborated these findings (Fig. S3) .
Furthermore, this effect was not restricted to A549 cells, as also in CALU, SKMES and HeLa cells, ERK2 knockdown lead to a strong decrease in HGF-mediated paxillin phosphorylation (Fig. S4) .
It has been shown that the Phosphatidylinositide 3-kinase (PI3K)/AKT-mediated serine phosphorylation of GSK3 negatively regulates its activity (Wang et al., 1994; Cross et al., 1995) . Indeed we saw an increase of AKT and GSK3 phosphorylation upon HGF treatment (Fig. S5) , and GSK3 phosphorylation could be almost completely prevented by preincubation with the PI3K inhibitor LY294002 (Fig. S5B) .
To exclude the possibility that the effect of ERK2 knockdown on paxillin phosphorylation could be due to altered GSK3 activity, we therefore also monitored Journal of Cell Science Accepted manuscript GSK3 phosphorylation, however, there was no difference in the HGF-mediated GSK3 phosphorylation upon ERK2 knockdown (Fig. 5A) .
Finally, when monitoring the effect of ERK1 and ERK2 knockdown on paxillin turnover in HGF treated HeLa cells, we saw that assembly rates were not affected by either ERK1 or ERK2 knockdown, whereas ERK2 but not ERK1 knockdown resulted in a significant decrease in the rate of paxillin disassembly (Fig. 5B) . We conclude that HGF via ERK2 induces phosphorylation of paxillin, thus mediating an increase both in paxillin turnover at focal adhesions and cell migration.
Overexpression of ERK2 but not ERK1 can efficiently rescue the effects of siRNA mediated knockdown of endogenous ERK2.
The fact that knockdown of ERK2 but not ERK1 resulted in loss of HGF-induced migration and paxillin phosphorylation could theoretically be explained by the fact that ERK2 is the prominent isoform expressed. We therefore tested whether the effect of the knockdown of endogenous ERK2 could be rescued by either overexpression of ERK1 or ERK2. A549 cells were transfected with a single siRNA oligonucleotide targeting ERK2 (E2-1), and 24 hours later, cDNA for either HA-tagged ERK1 or ERK2 was transfected; an empty vector served as a negative control. Paxillin phosphorylation and ERK activation were monitored by Western blotting. Both ERKs were expressed to a similar extent (Fig. 5A , left panel), and both ERK1 expression and ERK2 expression could rescue overall ERK-activation to a similar extent ( To assess these findings in non-lung tumour cells, we also carried out rescue experiments in HeLa cells. In these experiments ERK1 was much more effectively expressed than ERK2, and while both ERK isoforms were able to rescue the HGFmediated paxillin phosphorylation to some extent, ERK2 was more efficient than ERK1 in doing so, such that there is an almost two-fold relative efficiency of activated ERK2 compared to activated ERK1 in mediating the HGF-induced paxillin phosphorylation (Fig. S6A ). In line with these findings, when monitoring the ability of ERK1 and ERK2 to rescue HGF-mediated cell motility, we similarly noted a greater ability of ERK2 than ERK1 to do so (Fig. S6B ). A schematic model summarizing our findings is displayed in Fig. 6C . We conclude that HGF can Journal of Cell Science Accepted manuscript regulate paxillin phosphorylation via its effects on GSK3 and ERK2. Our finding that ERK2 is the dominant ERK isoform in mediating paxillin phosphorylation can explain the strong impact of ERK2 but not ERK1 knockdown on Paxillin turnover and cell migration.
Discussion
Understanding the detailed signalling pathways required for HGF-mediated migration is of great interest for better understanding and therefore selectively targeting aberrant signalling of c-Met in cancer metastasis. In performing an siRNA based high throughput wound healing screen in the NSCLC cell line A549, one of the strongest hits identified was ERK2, inhibiting the HGF-mediated migration consistently by more than 50%. ERK1 and 2 have been implicated in migration in various cell types, in response to different matrix proteins, various growth factors and other stimuli (Karihaloo et al., 2001; Huang et al., 2004) . Therefore, the finding that ERK2 is one of the strongest hits isolated from the screen provides a proof-of-principle in terms of screen validity. However it is striking that in the screen, only ERK2 but not ERK1 was found to affect HGF-induced migration. While a role for the ERK1/2 pathway in HGF-mediated motility has been shown before, most studies related to ERK1/2 signalling have made no functional distinction between the two isoforms and whether ERK1 and ERK2 play similar or distinct roles in HGF dependent motility has remained unknown. The evidence here demonstrates that it is ERK2 and not ERK1 that plays a role downstream of MET in lung tumour models and that there is a strong bias towards ERK2 in other cell types tested.
Until recently isoform specificity of ERKs has not been widely addressed. Indeed several studies have shown a redundant function of ERK1 and ERK2 in cell proliferation (Srinivasan et al., 2009; Voisin et al., 2010) . Likewise, in a mouse model of K-Ras induced NSCLC, elimination of individual ERK kinases resulted in a similar small decrease of K-Ras induced oncogenesis, while only elimination of both ERK1 and ERK2 impaired tumour development (Blasco et al., 2011) . In line with these publications, when monitoring cell viability, we also find a similar effect upon knockdown of either ERK isoform. In contrast to such a redundant function of both ERK isoforms, there are recent studies that have identified some isoform specific functions. Thus, ERK1 and ERK2 have been demonstrated to fulfil different roles in
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Ras-dependent signalling (Vantaggiato et al., 2006) and long-term survival of hepatocytes (Fremin et al., 2009) . While some differences in ERK isoform signalling have been attributed to differences in the N-terminal domain of both isoforms (Marchi et al., 2008) , other studies have shown that differences might be due to the expression level of each isoform (Lefloch et al., 2008; Lefloch et al., 2009 ). Indeed ERK2 is expressed to a much higher level than ERK1 in all of the cell lines we examined, although some properties of these cells such as basal migration rates were more sensitive to ERK1 knock-down than to ERK2 knock-down. Notwithstanding this preferential affect of ERK1, to examine whether our findings are due to the fact that ERK2 is the prominent isoform, we also carried out rescue experiments using HAtagged ERK constructs. In A549 cells, only ERK2 but not ERK1 could rescue the knockdown of endogenous ERK2. Similarly, while both ERK isoforms were able to rescue the knockdown of ERK2 in HeLa cells, ERK2 was much more efficient in doing so.
Interestingly it has recently been found that ERK2 but not ERK1 overexpression induced epithelial-to-mesenchymal transformation in MCF-10A cells (Shin et al., 2010) . Likewise, in MDA-MB-231 cells, ERK2 but not ERK1 knockdown inhibits cell invasiveness (von Thun et al., 2012) . Consistent with this, our results suggest that also in case of c-Met driven tumour metastasis, ERK2 might be the dominant ERK isoform.
Many cellular substrates have been reported to be phosphorylated by ERKs, including both nuclear and cytoplasmic proteins. One of the known ERK substrates shown to play a role in cellular motility is paxillin (reviewed in (Brown and Turner, 2004) ) and paxillin has been implicated in cell spreading und morphogenesis upon HGF (Liu et al., 2002; Ishibe et al., 2003; Ishibe et al., 2004) . Of note, paxillin was another strong hit identified in our screen, and we could confirm a role for paxillin in HGF-mediated motility in cell tracking experiments both in A549 and HeLa cells (Fig. 4A) . Various phosphorylation sites have been identified in paxillin (Webb et al., 2005) and we find an HGF-induced phosphorylation of paxillin on serine 126. The HGF-mediated phosphorylation of paxillin on Tyrosine 118 and serine 83 has been demonstrated before (Liu et al., 2002; Ishibe et al., 2003; Ishibe et al., 2004) . However, the role of serine 126 in HGF-induced motility has not been studied so far. Of note paxillin phosphorylation at this site is maximal at around two hours of HGF stimulation and therefore peaks slightly later than P-MET and P-ERK, a finding we also could Journal of Cell Science Accepted manuscript reproduce in other cell lines (data not shown). This small delay can probably be explained by the fact that serine 126 is not a direct substrate of ERK but in fact phosphorylation of this site has been attributed to the kinase GSK3, which can only efficiently phosphorylate this site upon priming phosphorylation of the upstream serine 130 by ERK (Cai et al., 2006) . Using inhibitors against MEK1 and GSK3, we can confirm these findings in A549 cells.
GSK3 activity has been shown to be regulated by serine and tyrosine phosphorylation (Wang et al., 1994) . Thus Phosphatidylinositide 3-kinases (PI3-K)/AKT-mediated phosphorylation of serine 9 inhibits the activity of GSK3β (Cross et al., 1995) , whereas phosphorylation of tyrosine 216 positively affects its activity (Wang et al., 1994) . HGF is a strong inducer of AKT activity (reviewed in (Trusolino et al., 2010) , therefore not surprisingly, we find an increase in phosphorylation of the inhibitory serine 9 in GSK3β peaking at 1 hour of HGF stimulation. There is also a small but reproducible increase in phosphorylation of tyrosine 216, which plateaus between 1 and 4 hours of HGF stimulation (Fig S5) . The transient phosphorylation of serine 9 can explain the delayed kinetics of paxillin Serine 126 phosphorylation upon HGF stimulation; indeed when AKT-mediated GSK3 phosphorylation is prevented by the PI3K inhibitor LY294002, we find a shift in the kinetics to an earlier timepoint (Fig.S5B) , thus HGF-mediated paxillin phosphorylation seems to be tightly regulated via the combined outputs of the AKT and ERK2 signaling pathways.
We show that phosphorylation of serine 126 can be blocked by knockdown of ERK2 but not ERK1 ( Figure 5A ), a finding which we can reproduce in several cell lines ( Fig   S4) . Of note, in Calu as well as in HeLa cells, ERK1 knockdown results in a small reduction in paxillin phosphorylation, however, the effect of ERK2 knockdown is much more pronounced. Consistent with these findings, ERK2 is significantly more efficient than ERK1 in rescuing the diminished paxillin phosphorylation seen in cells transfected with siRNA targeting ERK2 (Figs. 6A, S6 ), thus correlating very well with the motility data. Indeed, the relevance of phosphorylation of serine 126 and adjacent serine 130 during cell migration was demonstrated by the fact that the decreased HGF-induced motility seen upon paxillin knockdown can be rescued by wildtype paxillin but not by a mutant where the GSK3 and ERK sites have been mutated to alanine (Fig. 4G ).
We speculate that the ERK2-specific regulation of HGF-induced motility is due in part to specific ERK2-mediated paxillin phosphorylation, which would in turn affect focal adhesion dynamics as demonstrated in a different motility model (Boeckeler et al., 2010) . Indeed we find that HGF-treatment results in an increase of the disassembly rate of paxillin-containing focal adhesions (Fig.4C ). This effect is blocked in a mutant paxillin in which serine 126 and serine 130 have been mutated to alanine and hence can no longer be phosphorylated at these sites (Fig. 4F) , and ERK2 but not ERK1 knockdown significantly decreases the disassembly rate of adhesions in HGF treated A549 cells (Fig. 5B) .
Aberrant c-Met signalling has been implicated in the oncogenesis of NSCLC (reviewed in (Cipriani et al., 2009) ), where c-Met overexpression correlates with metastatic tendency and poor prognosis and is found in a high proportion of NSCLCs as demonstrated by immunohistochemistry (Ma et al., 2005; Ma et al., 2008) . In 5% of NSCLC, c-Met overexpression is due to gene amplification (Cappuzzo et al., 2009) and, interestingly, c-Met amplification has been associated with resistance of NSCLC to gefitinib, an EGFR targeted therapy (Cappuzzo et al., 2009) . Interestingly, paxillin has also recently been found to be upregulated in NSCLC, correlating with a poor prognosis (Jagadeeswaran et al., 2008; Wu et al., 2010; Mackinnon et al., 2011) and it has been reported that there is a high correlation of paxillin and MET gene copy numbers in NSCLC (Jagadeeswaran et al., 2008) . Therefore, a better understanding of the c-Met-paxillin signalling axis in HGF-mediated motility is important for targeting this pathway in NSCLC and our findings that specifically ERK2 but not ERK1 is required in this pathway may have important implications for helping to design and apply specific therapies in future.
Materials and Methods
Cell culture
Cells were obtained from Cancer Research UK London Research Institute's Cell Services and cultured at 37°C in a humidified 10% CO 2 atmosphere. Cells were cultivated in GIBCO® GlutaMAX™ media (Invitrogen) supplemented with 10% Certified FBS (Invitrogen) and 50 μg Penicillin-Streptomycin (Invitrogen).
HGF was purchased from R&D Systems and used routinely at 10ng/ml, with the exception of HeLa cells, which were treated with 40ng/ml. U0126 was from Cell
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Signaling and used at 10 μM. GSK3 inhibitor IX was purchased from Santa Cruz Biotechnology and used at 5 μM. LY294002 was from Sigma-Aldrich and used at 10 μM. 
Generation of cDNA constructs
The C-terminal HA tag as well as NheI and XbaI restriction sites were inserted into mouse ERK2 and human ERK1 cDNA respectively by standard PCR techniques using appropriate oligonucleotides. The PCR products were inserted into the pcDNA3 vector (Invitrogen) using the in-Fusion® HD Cloning Kit (Clontech). The GFPpaxillin AA mutant was generated using the QuikChange Site-directed Mutagenesis kit (Stratagene) with chicken GFP-paxillin as a template, and two oligos containing the double mutation Ser126Ala/Ser130Ala. The validity of all resulting constructs was confirmed by sequencing. 
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Calculation of wound healing speeds
Two grey scale images were obtained per well using the Discovery-1 imaging system; one at time point zero and one at 6 hours. Resulting images were analysed using a customised MetaMorph (Molecular Devices) journal, which allowed us to quantify the area surrounding the wound, generating two area values for each well. The rate of wound closure per hour was calculated based on the difference in wound size during the six hour migration time course. Mean values and s.e.m.s were calculated for basal and HGF-induced migration ( Supplementary Fig. 1 , column graphs, light and dark blue bars, respectively).
Calculation of HGF induction scores
Values from each of the three replicates for both basal and HGF-induced migration were averaged to give a single value per replicate. The original data from one half plate (48 siRNAs) is displayed in Supplementary Fig. 2A . Plotting basal migration speed values (x-axis) versus HGF-induced migration speed data (y-axis) on a dot plot graph reveals a strong correlation between the two data sets (Supplementary Fig. 2B ).
Using this correlation between these two data sets, for each observed basal motility value, a corresponding expected HGF-motility value was calculated. Most observed HGF-motility values are very close to the calculated, expected values. However, a subset of hits affect the ligand-stimulated migration more or less strongly than they affect the basal migration, therefore decreasing or increasing the fold migration.
These hits can be distinguished from the rest of the values by appearing in the dot plot diagram significantly above or below the correlation line, as exemplified in Supplementary Fig. 2B by the MET controls (red crosses), and MET present in the library (circled). In contrast, the points representing the non-targeting negative controls (filled dark grey circles) and MST1R (red boxes) lie on the correlation line.
To quantify this effect for each siRNA, an HGF induction score was calculated using the formula depicted in Supplementary Fig. 2C , which takes into account the 
MTT assays
MTT (3-(4, 5 Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma) powder was dissolved in PBS to a final concentration of 5 mg/ml. 10 μl was added to each well of a 96 well plate, which contained the wounded cell monolayer in 100 μl cell culture medium. Cells were incubated at 37°C, 10% CO 2 for 45 minutes. Medium was aspirated and formazan crystals were dissolved in 50 μl DMSO (Sigma). After 10 minutes incubation at 37°C, plates were placed on a shaker for an additional 10 minutes. Absorbance was read on a SpectraMax Plus plate reader (Molecular Devices), coupled to SoftMax Pro 4.7 software. The four values obtained were averaged to give one MTT value per transfected siRNA.
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Nuclei count
After carrying out the wound healing assay, transfected cells were fixed using 3.7 % formaldehyde. Fixed cells were stained with Hoechst 33342 and Alexa 555-coupled phalloidin and washed three times with PBS. For each 96-well, three pictures were taken of the centre of the well including the wound edge using Cellomics®
ArrayScan® and subsequently analysed with ThermoFisher Scientific-designed BioApplications software. Obtained values for nuclei counts were normalised to the values obtained for phalloidin that reflects the cell growth area within each picture.
The obtained values were averaged to generate one nuclei count value per transfected siRNA.
Normalisation of primary data
Average values for basal motility, nuclei count and MTT obtained from each 
Time-lapse video microscopy
Transfected cells growing on 96-well plates were wounded 60 hrs post transfection, and cell debris was washed once with migration medium, after which migration medium alone, or migration medium supplemented with 10 ng/ml HGF was added.
The images were obtained using the automated invert Nikon Eclipse TE2000-E microscope equipped with 10x Nikon Plan Fluor objective and Nikon iXon EM camera (Andor TM Technology). Plates were left overnight in an incubator box, which ensured equilibrated temperature and CO 2 diffusion for the specimen, and also reduced focus instability. One image per well was acquired at 10-minute intervals, over a 12-hour period. Alternatively, transfected cells growing on 24-well or 96-well Essen Imagelock™ plates were wounded using a wound-making tool (Essen) 60 hours post transfection, cell debris was washed off and cells were incubated in migration medium alone or migration medium containing 10 ng/ml HGF. Plates were incubated
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in the IncuCyte™ automated imaging system and pictures were taken every thirty minutes over a 12 hour time period.
Cell Tracking
Images for each condition generated using time-lapse microscopy were stacked to create movies. Movies were produced in MetaMorph software (Molecular Devices) using Codec compression. Where pictures had been taken using the IncuCyte™ system, movies were generated using the IncuCyte™ software. Cell tracks were 
Transwell assays
Cell migration was also assessed using an 8μm pore 24-well format Transwell chamber assay (Becton Dickinson Discovery Labware, Bedford, MA). Cells were transfected using a reverse transfection protocol in 24-well plates. Seventy-two hours after the transfection, cells were harvested and resuspended in growth medium (GIBCO® GlutaMAX™ medium supplemented with 10% FBS). A 100μl cell suspension was added to the top of each transwell chamber and cells were allowed to migrate for 3 hours. Lower chambers contained growth medium alone or growth medium supplemented with 10ng/ml HGF. Each condition was carried out in duplicates. Additionally 100 μl of cell suspensions were plated onto normal 24-well plates, containing growth medium alone or growth medium supplemented with HGF.
Following the migration time course, cells were resuspended with EDTA and the number of cells in the lower chamber was quantified with Cell Titer-Glo® (Promega).
Additionally, the number of cells plated on the 24-well plates was quantified and the ratio of migrated cells was calculated. 
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Monitoring of paxillin turnover
HeLa cells growing on glass bottom dishes were transfected with GFP-tagged paxillin and two days later either incubated in 10% FCS or 10% FCS plus 20ng/ml HGF. Live cell imaging was performed using total internal reflection fluorescence (TIRF) microscopy. Pictures were taken every minute over a 30 minute time period. The resulting movies were used to determine the assembly and disassembly rates of paxillin-containing focal adhesions as described in (Berginski et al., 2011) , using the focal adhesion analysis server (http://faas.bme.unc.edu/). Data derived from at least ten different movies were analysed. Only rates derived from curvefits with R 2 >0.75
were included in the analysis.
Statistical analysis
Statistical significance was assessed by paired student's t-test, 1-way anova or 2-way Journal of Cell Science Accepted manuscript anova followed by Bonferroni post hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001 , ns not significant. supplemented with HGF and monitored over thirty minutes using TIRF-microscopy.
Menakongka
The resulting movies were used to calculate the assembly and disassembly rates of paxillin containing focal adhesions as described in Material And Methods. At least 10 movies per condition were analysed. Statistical significance was determined using 1-way anova followed by Bonferroni post hoc test. 
